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Cetus) was set at 95 °C for 30 s, 55 °C for 1 min and 72 °C
for 1 min. After amplification for 15, 20, 25, 30, 35 and 40
cycles, 10 pt of each sample was electrophoresed in 3.0%
NuSieve 3:1 agarose (FMC BioProducts} and transferred to
nylon membranes. Oligonucleotides corresponding to each
of the PCR products for bovine ECE-1 and GAPDH (Table
1) were synthesized as internal probes, 5'-end labeled by
[v->?PJdATP (Amersham), and hybridized to the mem-
branes. The membranes were washed in 0.3 X SSC at 55
°C and exposed to an imaging plate (Fuji Photo Film). The
radioactivity of each band was quantified with a BAS 2000
(Fuji). ECE-1 mRNA levels were compared between sam-
ples by the calculation of relative ratios using corresponding
GAPDH mRNA levels.

2.4. Measurement of ET-1 and big ET-1 concentrations in
culture media

Detection of ET-1 and big ET-1 in the medium with ECs
subjected to shear stress was conducted using an ELISA
assay (Diagnostica Stago). The color reaction was per-
formed with TBM substrate and measured at 450 nm using
a microplate reader.

2.5. Analysis of peroxide production by flow cytometry

Peroxide production of ECs subjected to shear stress or
static culture was analyzed using 2',7 -dichlorofluorescin
diacetate (DCFH-DA) by cytometry. Subsequent to static or
shear stress treatment with DCFH-DA for a suitable period,
ECs were washed with PBS twice, treated with buffer
containing EDTA and scraped from the plate. ECs were
centrifuged at 500 % g for 5 min at 4 °C and the supematant
fluid was aspirated. Pellets were resuspended in PBS, washed
and fixed with paraformaldehyde in PBS at a final concen-
tration of 1% (wt/vol). The relative fluorescence intensities
were quantified using flow cytometry in a fluorescence-
activated cell sorter (FACScan IV, Becton Dickinson) with
absorption set at 488 nm and the detector set at 530 nm.

2.6, Statistical analysis

Results are expressed as the mean £ S.D. of at least three
independent experiments. Significance was determined by
using Student’s ¢ test, and the level of statistical significance
was defined as P<0.05.

3. Result;

3.1. Effect of shear stress on ECE-1 gnd ET-1 mRNA
expression in BAECs and HUVECs

As shown in Fig. 1a, the application of a relatively low
shear stress (1.5 dyn/cm?), comparable to that present in
veins, apparently attenuated the mRNA expressions of ECE-
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1 and ET-1 in BAECs. The application of a moderately high
shear stress (15 dyn/cm?) similar to that observed in arteries
further attenuated the expression of both mRNAs. The
application of shear stress did not affect the mRNA expres-
sion of GAPDH. The mRNA of ECE-1 was attenuated to
15% of the control, at a shear stress of 15 dyn/cm? for 24 h
(Fig. 1b).

To examine shear stress-regulated expression of the
ECE-1 gene in endothelial cells from the tissues of different
species, we examined the effect of shear stress on the
mRNA expression of the ECE-1 subtypes in HUVECs.
ECE-1b mRNA could not be detected in HUVECs even
after 50 cycles of amplification. As was the case for BAECs,
shear stress (5-25 dyn/cm?) attenuated the mRNA expres-
sion of ECE-1 and its subtype ECE-la in an intensity-
dependent manner (Fig. lc).

Control

2ZmM

2mM
+
NAC
20mM

Fig. 3. Attenuation of ECE-1 and ET-1 mRNA expressions by Hy05. (a)
RT-PCR analysis of ECE-1 and ET-1 mRNA expressions in BAECs in the
presence or absence of 2.0 mM H;O, for 6 h. (b) RT-PCR analysis of dose-
dependent effect of H;O, on ECE-1 mRNA expression in BAECs 6 h after
the addition, {¢) RT-PCR analysis of the effect of NAC (20 mM) on down-
regulation of ECE-1 and ET-1 mRNA cxpressions in BAECs by H;0;.
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As shown in Fig. 1d, ECE-1 and ET-1 mRNA expres-
sions under a shear stress of 15 dyn/em? were down-
regulated in proportion to time from 1 to 24 h.

3.2. Effect of shear stress on ET-1 and big ET-1 concen-
trations in BAECs

As shown in Table 2, 4 h after the exposure to shear
stress, there was no significant difference between 1.5 and
15 dyn/em? in the peptide level of ET-1 or big ET-1 in the
media of BAECS; however, 8 or 12 h after the onset of flow,
a significant reduction in the peptide level of both ET-1 and
big ET-1 was observed at a shear stress of 15 dyn/em?,
compared with 1.5 dyn/cm?.

3.3. Shear stress increases intracellular peroxide produc-
tion in endothelial cells

We also examined the production of intracellular per-
oxides in sheared BAECs as eatly as 30 min after the onset
of flow. As shown in Fig. 2, exposure to a shear stress of 15
dyn/em? for 30 min increased intracellular peroxide produc-

a
ECE-1
ET-1
GAPDH
Shear Stress 1.5
(dyne /em?) )
NAC 20mM (-)
b
< 5.6
% i * NS
1.2 4
= -
% 05
‘E- 04
&) J
Shear Stress L5 15 1.5 IS5
(dynelcmz)
NAC20mM (-} (-) (+) (+)

tion in ECs compared. with the static control. The levels of
intracellular peroxides in sheared ECs were comparable to
those in static ECs treated with 0.2 mM H,0, for 30 min.
Furthermore, the increase in the level of intracellular per-
oxides in both sheared ECs and static ECs treated with 0.2
mM H,0, was abolished in the presence of 20 mM NAC,
with return to control levels.

3.4. Effect of H,0; on ECE-1 and ET-1 mRNA expressions
in static culture

We have previously shown that in H,O-treated BAECs,
both the ET-1 mRNA level and the ET-1 concentration are
attenuated in proportion to the concentration of HxO; [16].
This time, to further investigate the effect of HyO2 on the
ECE-1 mRNA expression of BAECs in static culture, we
added H,0; (0.2-2.0 mM) to the culture medium. ECE-1
as well as ET-1 mRNA expression was significantly and
dose-dependently attenuated in the presence of H.0; (Fig.
3a—c). The down-regulation of ET-1 and ECE-1 mRNAs by
H,0; (2 mM) was inhibited with addition of 20 mM NAC
(Fig. 3¢).

15 1.5 15

(<) (+) (+)

!

% 12

= i

= 08

g 0.4 4

-

=R
1.5 15 1.5 15
) (-} (+) (+)

Fig. 4. Effects of NAC on down-regulation of ECE-1 and ET-1 mENA expressions by shear stress. (2) RT-PCR and Southern blotting of ECE-1 and ET-1
mRNA expressions at the shear stress of 1.5 dytvem? and 15 dyn/em® in the absence and presence of NAC (20 mM) for 12 h. (b) Quantitative analysis of down-
regulation of ECE-1 and ET-1 mRNA expressions by shear stress and the effect of 20 mM NAC, *P<§.05; **P<0.01.
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3.5. Effect of the antioxidant on the shear stress-induced
attenuation of ECE-I and ET-1 mRNA expression

Fig. 4a illustrates the effects of the antioxidant NAC on
the shear stress-induced ECE-1 and ET-1 mRNA expres-
sion. As demonstrated above, a moderately strong shear
stress (15 dyn/cm?) clearly elicited an attenuation of the
ECE-1 and ET-1 mRNA expressions, compared with 1.5
dyn/cm?, in the absence of NAC. However, in the presence
of 20 mM NAC, the attenuation induced by 15 dyn/om®
‘shear stress was almost completely abolished. Fig. 4b
presents the results of a quantitative analysis of the down-
regulation of ECE-1 and ET-1 mRNA expression by shear
stress and its abolishment with 20 mM NAC.

4, Discussion

We previously demonstrated that physiological laminar
shear stress up-regulates the mRNA expression and secre-
tion of two novel endothelium-derived vasorelaxing pep-
tides, CNP and AM [6]. In contrast, it has been reported
that shear stress loading decreases the concentration of ET
in cultured medium [9]. In a previous study, we demon-
strated that ECE-1 as well as ET-1 mRNA expression was
attenuated in proportion to the intensity of the shear stress
for 24 h [17]. In the present study, we confirmed that
ECE-1 mRNA expression was attenuated by shear stress in
an intensity- and a time-dependent manner both in BAECs
and in HUVECs. We also confirmed that in HUVECs, the
mRNA expression of ACE was attenuated by shear stress
in parallel with that of ECE-1, which was consistent with
another report [18]. The down-regulation of ECE-1 mRNA
as well as ET-1 mRNA by shear stress was reflected in the
coordinated decrease in the protein level of ET-1 and big
ET-1.

Recently, it has been reported that shear stress increases
ROS levels in shear-treated ECs [15]. In the present study,
we confirmed that shear stress induced the production of
intracellnlar peroxides in BAECs. To further examine the
effect of an increase in ROS on the mRNA of ECE-1 and
ET-1, we exposed BAECs to H;0,, and found the expres-
sion of ECE-1 and ET-1 mRNA to be reduced in response to
H,0,. This result is compatible with our previous work fo
show that oxidative stress suppresses endothelin secretion
[16]. Furthermore, the down-regulation of ECE-1 and ET-1
mRNA expressions by shear stress was significantly atte-
nuated by treatment with the antioxidant NAC. These
findings suggest that the shear stress-induced reductions in
ECE-1 and ET-1 expression are mediated through the
activation of oxidative stress.

We previously demonstrated that the endothelial secre-
tions of CNP and AM are augmented by shear stress in a
time- and intensity-dependent manner, and furthermore, that
the expression of CNP and AM at both mRNA and peptide
levels is angmented in proportion to the concentration of
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H,05 in BAECs [19]. The augmentations of CNP and AM
by both shear stress and oxidative stress are consistent with
attenuations of ECE-1 and ET-1 expressions caused by both
of these stresses in the present study.

Recently, the importance of the shear stress responsive
element (SSRE) for shear siress-induced transcriptional
gene regulation has been described. SSRE was originally
reporied to be §¥-GAGACC-¥ in the promoter of platelet-
derived growth factor-B (PDGF-B) chain as a positive
regulatory element and confirmed to confer shear stress
responsiveness [20]. This element is also found in the §
promoter region of other shear stress-inducible genes such
as the endothelial nitric oxide (NO) synthase [21], tissue
plasminogen activator {tPA) [20] and transforming growth
factor-pl (TGF-R1) genes [20]. Morcover, other SSREs
have been identified such as a 5-TGACTCC-3' sequence
coupled to the transcription factor AP-1 in the promoter of
monocyte chemotacting protein-1 (MCP-1) [22], a 5'-
GCGGGGGCGGGG-3' sequence coupled to SP-1 in the
promoter of tissue factor (TF) [23], and a double 5'-TG-
ACTCA-% sequence coupled to c-jur in the promoter of
vascular cell adhesion molecule-1 (VCAM-1) [24]. In
human ECE-1 genes, there are four copies of the 5'-GAG-
ACC-3' element, — 3347, — 3167, —2746 and — 602 bp,
respectively, upstream of the putative transcription initiation
point. However, the other SSREs are not present in human
ECE-1 genes.

The NF-kappaB-dependent signal transduction for the
regulation of gene expression in endothelial cells has been
demonstrated to be mediated through binding to the element
5-GAGACC-3 [25]. Recently, it has been also reported that
the p38 mitogen-activated protein (MAP) kinase regulates
NF-kappaB-dependent gene transcription under specific
conditions [26]. P38 MAP kinase, as well as NF-kappaB,
has been reported to be stress-activated and rapidly up-
regulated after treatment with H,O, [27]. Therefore, it may
be the case that shear siress-induced intracellular reactive
oxygen free radicals transduce the signal that leads to the
activation of p38 MAP kinase, which regulates ECE-1
promoter activity through the transcription factor NF-kap-
paB. Gene regulation of the activation of NF-kappaB
induced by ROS was reported, however, to augment gene
expression [28,29]. The mechanism behind the negative
regulation of ECE-1 gene expression by shear stress via
the increase in ROS observed in the present study needs to
be investigated further.

There are accumulating studies to demonstrate that many
cardiovascular diseases, such a$ arterial and pulmonary
hypertension, atherosclerosis, congestive heart failure and
renal failure, are associated with local activation of the
endothelin system [30]. Thus, the therapeutic potential of
endothelin receptor antagonists in cardiovascular disease is
indicated. In these disorders, the decrease in endothelial
shear stress plays the pathophysiological role. Regulatory
mechanism of the endothelin system by shear stress observed
in the present study should therefore be of clinical relevance.
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_In conclusion, we have demonstrated that physiological
shear stress down-regulates the mRNA expression of ECE-1
as well as ET-1, through an increase in oxidative stress in
endothelial cells. This, along with our previous findings on
the effect of shear stress on the expression of endothelium-
derived relaxing substances, suggests that the coordinated
regulation of the production of endothelium-derived vaso-
active substances by shear siress serves to maintain vascular
tone and proliferation within a certain range and protect
vascular walls from hypertension and atherosclerosis.
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Natriuretic peptides (NPs), which consist of atrial, brain, and C-type
natriuretic peptides {ANP, BNP, and CNP, respectively), are charac-
terized as cardiac or vascular hormones that elicit their biological
effects by activation of the cGMP/cGMP-dependent protein kinase
(cGK) pathway. We recently reported that adenoviral gene transfer
of CNP inta rabbit blood vessels not only suppressed neointimal
formation but also accelerated reendothelialization, a required
step for endothelium-dependent vasorelaxation and antithrombo-
genicity. Accordingly, we investigated the therapeutic potential of
the NPs/cGMP/cGK pathway for vascular regeneration. In trans-
genic (Tg) mice that overexpress BNP in response to hindlimb
ischemia, neovascularization with appropriate mural cell coating
was accelerated without edema or bleeding, and impaired angio-
genesis by the suppression of nitric oxide production was effec-
tively rescued. Furthermore, in BNP-Tg mice, inflammatory cell
infiltration in ischemic tissue and vascular superoxide production
were suppressed compared with control mice. Ischemia-induced
angiogenesis was also significantly potentiated in ¢GK type | Tg
mice, but attenuated in ¢GK type | knockout mice, NPs significantly
stimulated capillary network formation of cultured endothelial
cells by ¢GK stimulation and subsequent Erk1/2 activation. Fur-
thermore, gene transfer of CNP into ischemic muscles effectively
accelerated angiogenesis, These findings reveal an action of the
NPs/cGMP/cGX pathway to exert multiple vasculoprotective and
regenerative actions in the absence of apparent adverse effects,
and therefore suggest that NPs as the endogenous cardiovascular
hormone can be used as a strategy of therapeutic angiogenesis in
patients with tissue ischemnia.

atriuretic peptides (NPs) consist of atrial NP (ANP), brain

NP (BNP), and C-type NP (CNP). They share the same
intracellular signal transduction pathway for ¢GMP/cGMP-
dependent protein kinase (¢GK) as nitric oxide (NO). We have
demonstrated that ANP and BNP are cardiac hormones that are
produced mainly in the atrivum and ventricle, respectively (1, 2).
CNP, in contrast, is produced in and secreted from endothe-
lial cells (ECs) to act as a local regulator of vascular tone and
growth (3).

We recently reported that in both rabbit balloon injury and
vein graft models, overexpression of the CNP gene by adenoviral
vector accelerated reendothelialization and inhibited vascular
smooth muscle proliferation (4, 5). This finding indicates the
complex responses to NPs in different types of vascular cells,
both ECs and smooth muscle cells (SMCs).

A large body of literature indicates an essential role of
endothelial NO for angiogenesis. Previous studies demonstrated
that vascular endothelial growth factor (VEGF) stimulates
Akt/protein kinase B (6, 7), which has been shown to phos-
phorylate endothelial NO synthase, leading to its activation
(8, 9). VEGF-stimulated proliferation of cultured ECs, triggered
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by endothelial NO synthase activation (10), was also shown to
require intracellular signaling through ¢GK, Raf-1 kinase, and
Erk1/2 (11, 12). Based on these findings, we hypothesized that
NPs could promote vascular regeneration. To examine this
hypothesis, we used a mouse model of operatively induced
hindlimb ischemia (13) to investigate the effects of NPs on
angiogenesis by using transgenic (Tg) mice that overexpress BNP
(14) with or without N@-nitro-L-arginine methyl ester
(L-NAME), an inhibitor of NO synthase. We also applied this
model to both cGK type I (cGKI)-knockout (15} and Tg mice to
investigate the impact of ¢GKI, one of the ¢GK isoforms, which
is present in ECs and SMCs. Finally, we examined the effect of
CNP on angiogenesis by a gene-transfer approach to seek the
therapeutic potentials of NPs in vascular regeneration. The
present study elucidates the action of the NPs/cGMP/cGKI
pathway on angiogenesis and provides a strategy for therapeutic
angiogenesis by using an endogenous cardiovascular hormone to
exert vasculoprotective and vasculoregenerative actions in the
absence of apparent adverse effects.

Materials and Methods

BNP-Tg Mice. Generation of BNP-Tg mice (line 55) was reported
(14). BNP-Tg showed a marked increase in plasma BNP levels
(1.8 £ 1.1 x 10~° M) compared with their contro] littermates
{non-Tg) {<0.06 X 10~? M; refs. 14 and 16). These mice (10-15
wk) were randomly allotted to four treatment groups: BNP-Tg
and non-Tg, with or without L-NAME (Nacalai Tesque, Kyoto)
administration (200 mg/liter in drinking water; ref. 17).

¢GKI-Knockout Mice. We developed mice with targeted disruption
of the ¢cGKI gene (15). We used homozygous cGKI mutant mice
(¢cGKI™-), heterozygous mutant mice {cGKI*~), and their
control littermates (cGK*/*) (10-15 wk).

cGKI-Tg Mice. We generated cGKI-Tg mice (T.-H.C. and H.L,
unpublished data). Briefly, the cDNA coding for human ¢GKla,
which we cloned {18}, was subcloned into the expression vector
pCXN2 (19), driven by the CAG promoter (pCXN2-hcGKla).
The fragment of pCXN2-hcGKla was microinjected into a
C57BL/6 mouse. We used mice with 15 copies of the transgene
and their control littermates at the age of 10-15 wk. To confirm
c¢GKI expression in ¢GKI-Tg mice, Northern blot analysis was

Abbreviations: NP, natriuretic peptide; ANP, atrial N®; BNP, brain NF; CNP, C-type NP; cGK,
cGMP-dependent protein kinase; EC, endathelial cell; SMC, smaoth muscle cel); Tg, trans-
genic; L-NAME, Nunitro-L-arginine methyl ester; LDP), laser Doppler perfusion image;
PECAM-1, platelet EC adhesion molecule-1; SMA, smooth muscle actin, GC, guanylyl cytiase;
VEGF, vascudar endothelial growth factor.
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performed with a human cGKle-specific probe, a 311-bp-long
fragment at the 5’ end sequence released by pCXN2-heGKle..

Ligation Model. After being anesthetized with pentobarbital (80
me/kg, i.p.), the right femoral artery and vein were exposed,
dissected free, and excised (13). Experimental procedures were
performed according to Kyoto University standards for animal
care.

Hindlimb blood flow was assessed with a laser Doppler
perfusion image (LDPI) analyzer (Moor Instruments, Devon,
U.K\) as described (13).

mmunohistochemistry. After fixation with 4% paraformaldehyde,
ischemic lower legs were embedded in OCT compound (Sakura
Finetechnical, Tokyo) and frozen at —80°C. Cryostat sections
(4-8 um thick) of the tissues were stained with rat anti-mouse
platelet EC adhesion molecule-1 (PECAM-1) (PharMingen),
mouse anti- smooth muscle actin (SMA) (Sigma), rat anti-
mouse CD45 (PharMingen), rabbit anti-cGKI (Calbiochem),
rabbit anti-guanylyl cyclase A (GC-A) and B (GC-B) antibody
that we developed (20), rabbit anti-Erk1/2 and phospho-Erk1/2
(Thr-202/Tyr-204} antibody (Cell Signaling Technology, Bev-
erly, MA), or mouse anti-CNP antibody that we developed
(KY-CNP-1; ref. 21). As the negative control, rabbit preimmune
serum or normal Ig fraction (DAKQ) was used to show antibody
specificity.

Analysis of Capillary Density and Inflammation. Four random fields
on two different sections (=3 mm apart) from each mouse were
photographed with a digital camera (Olympus, Tokyo). By
computer-assisted apalysis using NIH IMAGE, capillary density
was calculated as the mean number of capillaries stained with
PECAM-1 (endothelial marker) or & SMA (vascular smooth
muscle marker), and the mean pumber of infiltrating
CD45-positive leukocytes was counted as the assessment of
inflammation.

Evaluation of /n Situ Reactive Oxygen Production. The oxidative
fluorescent dye dihydroethidium (2 X 10~% M) was used to
evaluate the in situ concentration of superoxide in ischemic
hindlimb tissue, as described (22). We also stained 4-hydroxy-
2-nonenal (4-HNE) {Nippon Oil & Fats, Tokyo), an unsaturated
aldehyde that can be formed by the peroxidation of unsaturated
fatty acids, such as linoleic and arachidonic acids (23).

Capillary Network Formation Assay. Human umbilical vein ECs
{(Clonetics, Walkersville, MD) were grown in basic medium
(EBM2) (Clonetics) containing growth supplements (EGM2)
(Clonetics). They (two to three passages, 4 X 10* cells per well)
were seeded at Matrigel-coated Cellware 24-well plates (Becton
Dickinson) and incubated for 1 h in 100 u! of EBM2 containing
10% FBS. Serum-free medium (400 pl) containing human ANP,
BNP, and CNP (Peptide Institute, Osaka) with or without
Rp-8-pCPT-cGMP/PD9805% (Calbiochem) were added. Aftera
10-h incubation, they were fixed with 10% buffered formalin.
Two random fields of view in three or four replicate wells were
visualized, and images were captured by using the Olympus
digital camera. Network formation was assessed by calculating
the total area covered by capillaries in each field of view using
NIH IMAGE.

Construction of CNP Plasmid and Its Administration to Ligation Model,
The full length of rat CNP cDNA (384 bp) was inserted into the
pAC-CMVpLpA vector (4). The plasmid DNA was prepared
from cultures of pAC-CMVpLpA-transformed Escherichia
coli by the EndoFree Plasmid Kit (Qiagen, Valencia, CA).
After mouse femoral artery ligation, a local injection of
plasmid carrying the CNP cDNA (pAC.CMV/CNF) or none
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(pAC.CMV) was performed (500 pg per mouse in 200 ul of PBS
in 10 injection sites). Plasma CNP [evel was confirmed by an EIA
(Phoenix Pharmaceuticals, St. Joseph, MO).

Statistical Analysis. Results are presented as means = SEM. The
statistical significance of differences in the studies was evaluated
by ANOVA. A P value < 0,05 was considered significant.

Results

Ischemia-induced Angiogenesis Was Accelerated in BNP-Tg Mice.
Serial blood flow measurements by LDPI revealed that accel-
erated limb perfusion improvement was observed for up to 12
days in BNP-Tg mice compared with non-Tg mice (Fig. 1 ¢ and
b). The calculated perfusion ratio of ischemic to nonischemic
hindlimb was 0.12 =+ 0.02 for BNP-Tg vs. 0.06 = 0.01 for non-Tg
at day 4 (P = 0.002), 0.46 = 0.06 vs. 0.24 = 005 at day 8 (P =
0.006), and 0.61 * 0.07 vs. 0.45 * (.04 at day 12 (P = 0.04),
respectively. After 14 days, restoration of perfusion in BNP-Tg
mice was close to non-Tg mice, 2nd no significant difference was
secn.

Compatible with the result of blood flow measurement,
capillary density in the BNP-Tg group (2,265 * 62 per mm?) at
10 days was significantly higher than that of the non-Tg group
(1,778 * 74 per mm?% P < 0.0001; Fig. 1 e and f). At day 28,
capillary density was equivalent in both groups (Fig. 1 g and h).

Overexpression of BNP Restored Delayed Angiogenesis Induced by NO
Blockade. L-NAME administration to non-Tg mice disclosed
impaired recovery in hindlimb perfusion compared with the
non-Tg without L-NAME group (Fig. 1¢). The ratio of ischemic/
normal blood flow measured at 14 days was 0.37 % 0.04 for the
non-Tg (+L-NAME) and significantly lower compared with
0.43 + 0.03 for the non-Tg alone (P = 0.015). After 14 days, the
ratio of both groups became similar.

In contrast to non-Tg, L-NAME administration had no sig-
nificant effect on the ratio of blood perfusion in BNP-Tg at any
time point (Fig. 1d).

On day 10, capillary density of L-NAME-treated non-Tg mice
(1,516 * 62 per mm?) was lower than that of untreated non-Tg
mice (P = 0.014; Fig. 1 € and f). In contrast, no difference was
seen in BNP-Tg with (2,113 = 27 per mm?) or without L-NAME
administration (day 10). Capillary density in the L-NAME-
treated BNP-Tg group was significantly higher than that of the
L-NAME-treated non-Tg group (P = 0.023) (day 10). On day 28,
capillary density was equivalent in these four groups (Fig. 1 g
and k).

Maturity of Newly Formed Blood Vessels in BNP-Tg Mice. From
double immunostaining of ischemic hindimb tissue with PE-
CAM-1 and a SMA, the structure of capillaries (ECs with
adhering mural cells) showed no apparent difference between
BNP-Tg and non-Tg mice (data not shown). Accordingly, im-
munostaining of the ischemic hindlimb tissues at day 10 with
anti-aSMA antibody revealed significantly increased a SMA-
positive capillary density in BNP-Tg mice (2,061 £ 65 per mm?)
compared with non-Tg mice (1,578 % 79 per mm?; P = 0.0001;
Fig. 2 a and b). In addition, edema or bleeding in the ischemic
hindlimb tissues was not observed in BNP-Tg mice.

Foca! Inflammation in BNP-Tg Mice. In both BNP-Tg and non-Tg
mice, the number of CD45-positive infiltrating leukocytes of the
ischemic hindlimb tissues increased until day 5, then gradually
decreased (Fig. 2¢). At day 7, infiltrating leukocytes in BNP-Tg mice
were significantty lower than those of non-Tg mice (P = 0.002), and
no significant difference was seen at days 3, 5, and 10.
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Fig. 1. Ischemia-induced angiogenesis was accelerated in BNP-Tg mice, and overexpression of BNP restored delayed angiogenesis induced by NO blockade.
(2} Serial LDP analysis of hindlimb ischemia in BNP-Tg and non-Tg mice. {b) Quantitative analysis of ischemic/normal hindiimb perfusion ratio in BNP-Tg and
non-Tg mice. {c and d) Serial LDPl measurements in non-Tg (c) and BNP-Tg () mice with and without L-NAME treatment. (e and g) Immunostaining of the ischemic
hindlimb tissues with anti-PECAM-1 antibody {bright red) at day 10 {¢} and day 28 {g). (f and h) Quantitative analysis of capillary density at day 10 {f} and day
28 (h). +, P < 0.05; 1, P < 0.01; %, P < 0.001; NS, not significant. (Scale bar, 100 um.)

Reactive Oxygen Production in Blood Vessels of Ischemic Hindlimb
Tissue, By dihydroethidium staining of ischemic hindlimb tissue

at day 7, in situ concentration of superoxide in the blood vessels

d

of BNP-Tg mice was obviously lower than that of non-Tg mice
(Fig. 2d). Furthermore, immunostaining of 4THINE demon-
strated that reactive oxygen production was also suppressed in
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Fig.2. Evaluation of ischemic hindlimb tissue of BNP-Tg
analysis of capiilary density (b). (¢} Time course of focal

mice. {a and b)  SMA staining (purple) of the ischemic hindlimb tissues at day 10 (1) and quantitative
inflammation of ischemic hindlimb obtained from immunostaining with anti-CD45 antibedy. (d)

Dihydroethidium (HE) staining (Upper; red) and 4-hydroxy-2-nonenal (4-HNE) /CD45 staining (Lower; green fluorescence/red) of the ischemic hindlimb tissue at

day 7. (e) Expression of GC-A and GC-8 (green fluorescence) in the ischemic hindlimb at day 7. Negative controls for these antibodies are also shown. (/)
Immunostaining of the ischemic hindlimb tissues at day 7 with anti-Erk1/2 or phosphor-Erk1/2 antibody (brown). 1, P < 0.01. (Scale bars: a, 100 pm; &, 25 um )
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Fig.3. Angicgenesis was blunted in ¢GKl-knockout mice and accelerated in ¢GKI-Tg mice. {2 and b} Serial LDPI measurements in c¢GKl-knockout mice. (¢ and
d) PECAM-1 staining (bright red) of the ischemic hindlimb tissues at day 28 in ¢GKI-Tg mice () and quantitative analysis of caplllary density {d). (¢} The expression
of ¢GXI mRNA in non-Tg and ¢GKI-Tg mice, (A Immunostaining of eGKI {green fluorescence) with their negative control In WT, cGKI-knockout, and ¢GKI-Tg mice.
(g and k) Serial LDP! measurements in ¢GKI-Tg mice. *, P < 0.05; t, P < 0.01. (Scale bars: ¢, 100 pm; £, 25 pm.)

BNP-Tg. From double immunostaining with CD45 in non-Tg
mice, reactive oxygen production was prominent in infilirating
leukocytes around and within the blood vessels, as well as SMCs.
In BNP-Tg mice, the number of reactive oxygen-positive inflam-
matory cells was decreased and reactive oxygen production in
SMCs was diminished.

Expression of GC-A and GC-B in Ischemic Hindlimb Tissue. Immuno-
staining (after antigen retrieval) of these receptors in ischemic
hindlimb tissue at day 7 revealed that GC-A and GC-B were
similarly expressed in the bleod vessels of both BNP-Tg and
non-Tg mice (Fig. 2¢). Negative controls showed virtually no
significant staining in these serial sections.

Expression of Erk1/2 and Phospho-Erk1/2 in Ischemic Hindlimb Tissue.
By immunostaining of Erk]1 /2 in ischemic hindlimb tissue at day
7, Erkl/2 was equally expressed in ECs and SMCs of both
BNP-Tg and non-Tg mice. On the other hand, the expression of
phospho-Erk was obviously enhanced in BNP-Tg mice, com-
pared with non-Tg mice (Fig. 2f).

Angiogenesis Was Blunted in cGKI-Knockout Mice and Accelerated in
€GKI-Tg Mice, The constitution of the homozygous mice gradually
deteriorated and most of them died before 10 wk {15). Because
nutrition may influence angiogenesis, we mainly compared
heterozygous mutant mice (cGKI**~) with their control litter-
mates (cGK*/*). By LDPI analysis, limb perfusion among
cGKI*/~ mice remained significantly impaired throughout the
28-day follow-up period in comparison with cGK™** (Fig. 3a and
b). In two cGKI-knockout mice (¢GKI /"), recovery from limb
ischemia was remarkably reduced, compared with ¢GKI*/~ or
¢GK*'*. Immunostaining of ischemic hindlimb tissue at day 28
with anti-PECAM-1 antibody revealed decreased capillary den-
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sity in cGKI*/~ (2,025 = 51 per mm?) compared with cGK*/*
(2,302 = 87 per mm? P = 0.010; Fig. 3 ¢ and d). Two cGKI~/~
mice had decreased capillary density (1,845 * 163 per mm?)
compared with cGKI*/~ or ¢cGKI*/*.

By Northern blotting of ¢GKI-Tg mice, we confirmed over-
expression of cGKI observed in the aorta and skeletal muscle
compared with non-Tg mice (Fig. 3¢). By immunostaining of
¢GK]I, after antigen retrieval, high expression was also seen in the
skeletal muscle and blood vessels (Fig. 3f). By LDPI analysis,
c¢GKI-Tg mice showed significantly higher perfusion improve-
ment at the end of the study compared with non-Tg mice (Fig.
3gand A).

NPs Potentiated Capillary Network Formation of Cultured ECs. NPs
significantly potentiated capillary network formation of human
umbilical vein ECs in a bell-shaped fashion (Fig. 4 a and b).
Network formation was prominent at 10~ M ANP, 10~ M BNP,
and 1071 M 1o 10—* M CNP. The increase of network formation
induced by NPs was completely blocked by Rp-8-pCPT-¢GMP,
a2 cGK inhibitor, at 2 concentration of 5 X 1075 M (Fig. 4 g and
¢). FPurthermore, treatment with 105 M PD 98059, an Etk1/2
inhibitor, significantly suppressed the increase of network for-
mation induced by NPs (Fig. 4 a and 4.

CNP Gene Transfer Enhanced Angiogenesis in Ischemic Hindlimb. CNP
immunostaining was detected in skeletal muscle from the ische-
mic bindlimb of mice that received pAC.CMV/CNP at day 20
(Fig. 5a). Endogenous CNP was also detected in blood vessels of
mice that received control vector, pAC.CMV (Fig. 5a; arrow-
head). Plasma CNP level was similarly below sensitivity thresh-
old value (<1.32 X 10~1° M) in mice injected with pAC.CMV/
CNP or pAC.CMV. By LDPI analysis, mice receiving
pAC.CMV/CNP showed a significant increase in blood flow at
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Fig. 4. NPs potentiated capillary network formation of cultured human
umbilical vein ECs. () Capillary network formation by Matrigel assay in the
presence of 1078 M ANP, BNP, and CNP with or without Rp-8-pCPTGMP
(Rp: 5 x 10~ M), a cGK inhibitor, and PD 98059 (PD: 10-5 M), an Erk1/2
inhibitor. {b) Mean area of tube formation in the presence of various concen-
trations of ANP, BNP, and CNP. (¢ and o) Effects of Rp-B-pCPT-cGMP (c) and PD
S8059 (o) in network formation induced by NPs. », P< 0.05; 1, P < 0.01; %, P<
0.001, (Scale bar, 500 um.)

the end of the study compared with mice receiving pAC.CMV
{Fig. 5 b and c). Immunostaining of ischemic hindlimb tissues at
day 20 with anti-PECAM-1 antibody revealed an increased
capillary density in mice injected with pAC.CMV/CNP (2,643 +
88 per mm?) compared with pAC.CMV (2,364 * 104 per mm?%
P = 0.048; Fig. 5 d and €).

Discussion

Experiments performed in this study reveal actions of NFs on
vascular regeneration in response to ischemia. BNP overproduced
systemically in mice accelerated angiogenesis in the setting of tissue
ischemia with activation of Erk1/2 in blood vessels. This evidence
was confirmed by a combination of LDPI analysis and capillary
density measurement. In addition, overproduction of BNP com-
pensated for impaired neovascularization because of L-NAME
treatment. We also succeeded in demonstrating that ischemia-
induced angiogenesis is significantly potentiated in cGKI-Tg mice,
but attenuated in oGK-knockout mice. Furthermore, CNP gene
delivery in the ischemic hindlimb could significantly enhance
angiogeness. These results indicate that the NPs/NO/cGMP/cGK
pathway is critical for neovascularization in vivo.

NPs stimulate two biologically active receptors, GC-A and
GC-B. We and others have demonstrated that ANP and BNP
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Fig. 5. Effect of CNP gene transfer In the murine ischemic hindlimb model.
(2) CNP immunostaining (brown) after local injection of contrel vector
(pPAC.CMV) or pAC.CMV/CNP. (b and ¢) Serial LDM measurements in mice
receiving pACCMV or pAC.CMV/CNP (n = 16 per group}. (d and e} PECAM-1
staining (bright red) of the ischemic hindlimb tissues at day 20 in mice injected
with pACCMV or pACCMV /CNP (d), and quantitative analysis of capillary
density {e) {n = 10 per group). *, P < 0.05. (Scale bars, 100 um.)

show high affinity for GC-A, whereas CNP selectively binds to
GC-B (24). We have already reported that BNP-Tg mice show
skeletat phenotypes through activation of the CNP/GC-B path-
way (16, 24). It is important to clarify, therefore, whether the
effects of BNP in the hindlimb ischemia model of BNP-Tg mice
are mediated through GC-A, GC-B, or both. By immunostaining
of these receptors in the ischemic hindlimb of BNP-Tg mice, we
confirmed that both GCs expressed in ECs and SMCs. Consid-
ering the finding that CNP also enhanced angiogenesis in our
model, activation of GC-B is more likely in BNP-Tg mice;
however, the analyses of GC-A-knockout mice (25}, which we
recently developed, would provide answers to that question.

To supplement these in vive findings with genetically engincered
mouse models, we performed several in vifro experiments. In
cultured ECs, NPs significantly incteased capillary network forma-
tion at the concentrations of 10~1%to 10-* M, which were the same
as the plasma BNP level in BNP-Tg mice (14, 16). Early studies,
including cur own report, have shown that NPs inhibit EC prolif-
eration (26) and migration (27). The concentrations of NPs used in
these reports are much higher than physiological (1, 2) and, thus, the
EC growth inhibition by NPs seems to be a result of a pharmaco-
logical effect. We also confirmed that NP-induced capillary net-
work formation was significantly blocked by Rp-8-pCPT-cGMF
and PD98059, indicating the involvement of cGK and Erk1 /2 in this
phenomenon. Furthermore, we recently observed that ANP in-
creases cultured EC proliferation and migration in vitro by activat-
ing the cGK and subsequent Akt/PKB and Erk1/2 pathways (28).
These results indicate that NPs can act directly on ECs and
potentiate endothelial regeneration.

To achieve recovery from tissue ischemia, not only ECs but
also SMCs must migrate and proliferate to produce functionaily
mature vessels (29). Eatly studies, including our own report, have
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shown that NPs inhibit cell growth of vascular SMCs (3). From
these reports, it is anticipated that newly formed vessels of
BNP-Tg mice in our model might represent immature capillaries
without adequate mural cell coating. However, we confirmed
that ECs possessed adhering mural cells, and the capillary
structures were not different in BNP-Tg or non-Tg mice. Fur-
thermore, the « SMA-positive capillary density in BNP-Tg mice
was significantly increased compared with non-Tg mice. These
results suggest that antiproliferative effects of NPs on SMCs may
not play a role in angiogenesis.

Recently, the participation of inflammation in angiogenesis has
been an area of focus. Arraset . (30) reported monocyte activation
with the production of cytokines and vessel proliferation might
associate with angtogenesis in a rabbit hindlimb ischemia model.
Tzumi et al. (31) reported that infarct size after myocardial isch-
emia/reperfusion injury was smaller in mice lacking GC-A, accom-
panied with decreases in peutrophil infiltration. From these results,
angiogenesis in our model could be explained in part by potential
proinflammatory effects of NPs. However, we confirmed that the
number of infiltrating leukocytes in the ischemic limb of BNP-Tg
mice was similar or even lower than that of non-Tg mice. This
finding indicates that possible proinflammatory effects of NPs do
not play a role in angiogenesis.

Nitrates, which are clinically used to relieve coronary vaso-
constriction, might be useful for the management of vascular
obstructions because NPs and NO share the same intracellular
signal-transduction pathway. However, there is growing evi-
dence that nitroglycerin-induced production of oxygen-derived
free radicals such as superoxide plays an important role in
mediating the tolerance and endothelial dysfunction in response
to long-term treatment {32). However, the present study re-
vealed that NPs suppress reactive oxygen production in inflam-
matory cells and blood vessels. Therefore, our findings suggest
that NPs possess clinical advantages over nitrates.

The time course of vascular regeneration was different be-
tween BNP-Tg mice and ¢GKI-Tg/knockout mice. The changes
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in vascular regeneration in cGKI-Tg and ¢GKI-knockout mice
were clearly opposite (“mirror image™) and the continuous
activation or inactivation of cGKI might result in the final
augmentation or suppression of vascular regeneration, which
indicates the significance of the ¢cGKI activation level to deter-
mine the extent of vascular regenération. On the other hand, no
significant difference in the blood flow or capillary density was
seen between BNP-Tg and non-Tg mice at the end of our study.
Attenuation of overactivation of the ¢GMP /cGKI pathway can
be one of the possible explanations; however, the expression of
GC-A/GC-B showed no apparent difference between BNP-Tg
and non-Tg mice at day 7, and also before ischemia (data not
shown). Therefore, even if the attenuation of overactivation of
¢GKI might be the cause, it must not have occurred at the level
of regulation of receptor expression.

Clinical applications of cardiovascular gene therapy have been
launched during the last several years. However, we know very
little about either the therapeutic or toxic effects of overexpress-
ing angiogenic proteins, including VEGF. VEGF overexpression
could accelerate atherosclerosis (33), promote pathological an-
giogenesis (34), or develop limb-threatening peripheral edema.
Less adverse effects, such as edema, are seen in patients treated
with ANP (35). We have demonstrated that NPs are the vascu-
loprotective factor against atherosclerotic lesion (4, 5). Further-
more, in the present study, we confirmed that angiogenesis was
enhanced in hindlimb-ischemic mice after CNP gene transfer.
From these results, NPs in clinical use seem to possess multiple
coordinate actions that result in vascular protection and regen-
eration. In addition, inhibition of NPs can be 2 potential target
of antineoplastic drugs for suppression of angiogenesis.

In conclusion, we have revealed an activity of the NPs/cGMP/
¢GKI pathway and suggest that NPs, as endogenous cardiovas-
cular hormones, have significant advantages for the treatment of
tissue ischemia. Thus, NPs can be used as a promising strategy
for therapeutic angiogenesis in patients with tissue ischemia.
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Adrenomedullin Promotes Proliferation and Migration
of Cultured Endothelial Cells

Kazutoshi MIYASHITA, Hiroshi ITOH, Naoki SAWADA, Yasutomo FUKUNAGA,
Masakatsu SONE, Kenichi YAMAHARA, Takami YURUGI, and Kazuwa NAKAO

Adrenomedullin (AM) Is a vasoactive hormone which exerts its action through cyclic adenosine mono-
phosphate(cAMP) /cAMP-dependent protein kinase {PKA) cascade and intracellular Ca®* mobilllzation.
Recently, evidence has accumulated that AM plays a critical role in the regulation of vascular tone, remodeling
and morphogenesis. And although numerous reports have examined the action of AM on cultured vascular
cells, the results have not been consistent and have depended on the experimental conditions used.
Accordingly, the purpose of this study was to clarity the effect of AM on the proliferation and migration of
cultured endothelial cells. Our results revealed that AM promoted the growth and migration of endothelial
cells (ECs). AM significantly promoted the proliferation of human umbilical vein endothelial cells (HUVECS)
(56.0%8.7% over the controls at 10~*molf} and this stimulative effect was inhibited by two AM antagonists,
AM(22-52) and calcitonin gene-related peptide (CGRP) (8-37). The number of HUVECs migrated to the lower
surface of the transwell apparatus was also Increased dose-dependently in the AM group (30.4+4.2% over
the controls at 10~7moV/l), and this increase was suppressed by the two AM antagonlists and by two PKA
antagonists, adenosine 3,5-cyclic monophosphorothioate Rp-isomer and myristoylated protein kinase A
inhibitor amide 14-22. The promoting action of AM on endothellal migration was also suppressed by LY294002,
an inhibitor for phosphatidylinositol 3-kinase, but not by NS-nitro-i-arginine-methyl ester (L-NAME), an
antagonist for nitric oxlde synthase (NOS). These resuits indicate that AM promotes proliferation and migration
of ECs via a cCAMP/PKA dependent pathway and lend supﬁon to the idea that AM exerts beneficial effects on
vascular regeneration and might be used as a novel therapeutic strategy for patients with vascular disease.
(Hypertens Res 2003; 26 (Suppl): S93-598)

Key Words: adrenomeduliin, endothelial cells, proliferation, migration, vascular regeneration

(NPs) for the regulation of vascular tone and remodeling.

Introduction

Regeneration of the endothelium after vascular injury is a
protective mechanism that limits the development of athero-
sclerosis {1). Postnatal angiogenesis from pre-existing ves-
sels is an important process to alleviate tissue ischemia (2).
In both processes, proliferation and migration of vascular en-
dothelial cells play critical roles and are regulated by many
vasoactive agents.

‘We have reported the significance of natriuretic peptides

We previously demonstrated that C-type natriuretic peptide
{CNP) is secreted from endothelial celis (ECs) to act as a lo-
cal regulator of vascular tone and growth (3). We have also
revealed that the endothelial secretion of CNP is stimulated
by various cytokines and growth factors that are activated in
proliferative vascular lesions and modulate vascular remod-
eling, especially by transforming growth factor-f and tumor
necrosis factor-¢¢ (4). Furthermore, we revealed that adeno-
virus-mediated gene transfer of the CNP gene promoted en-
dothelial regeneration accompanied with re-differentiation and
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growth suppression of vascular smooth muscle cells (VSMCs)
in vitro and in vivo via an NPs/cyclic guanosine monophos-
phate (cGMP)/cGMP-dependent kinase (cGK) pathway (3, 6).

Adrenomedullin (AM) is a potent vasorelaxant peptide
that was originally isolated from human pheochromocytoma
cells on the basis of its ability to elevate cyclic adenosine
monophosphate {cAMP) levels in rat platelets (7). AM was
shown to be secreted from ECs (8) and VSMCs (9) to act as
a local vasorelaxing hormone. AM has also been shown to
be present in atherosclerotic lesions, and the AM gene has
been identified in macrophages of such lesions (70). Its
secretion has been augmented by several cytokines, such as
interleukin-1, tumor necrosis factor (TNF)-ct and lipopolysac-
charide (Z1). Furthermore, hypoxia responsive elements
{HREs) have been identified in the AM gene, and hypoxic
conditions have been shown to induce its expression and
secretion from human umbilical vein endothelial cells
(HUVECs) (12). These findings suggest the significance of
AM for atherogenesis and angiogenesis. Recently, mice
genetically engineered to overexpress or underexpress the AM
gene were developed to determine the in vivo significance of
AM. Mice overexpressing the AM gene in their vasculature
showed reduced blood pressure, and this effect was
abolished by administration of NC-nitro-L-arginine-methy}
ester (L-NAME) (13), suggesting that AM-induced vasorelaxa-
tion was mediated by an nitric oxide (NO)/cGMP dependent
pathway. On the other hand, mice lacking the AM gene did
not survive the embryonic stage and showed abnormal vascular
structure and subcutaneous hemorrhage (14). Heterozygote
mice with a disrupted AM gene showed an increase in blood
pressure. The plasma AM levels are known to be increased
in human patients with congestive heart failure (15), renal
diseases (I6) and hypertensive disorders (17-19). These
observations suggested the significance of AM in vascular
morphogenesis and regulation of vascular tone in vivo.

There have been more than a few reports on the effect of
AM on proliferation and migration of several cell types. AM
inhibited the proliferation of rat VSMCs cultured in the pres-
ence of 5% serum (20), and it also inhibited migration of
VSMCs stimulated by 5~10% serum, platelet-derived growth
factor (PDGF), or angiotensin II through a cAMP-dependent
pathway (21, 22). However, in rat quiescent VSMCs, AM
promoted cell proliferation independent of the cAMP/cAMP-
depe'ndcnt protein kinase (PKA) pathway (23). Thus AM
might show dual activities on the growth of cultured VSMCs
depending on the experimental conditions.

The effect of AM on proliferation also depends on cell
types. For example, AM has been reported to stimulate pro-
liferation of Swiss 3T3 fibroblasts (24), human oral ker-
atinocytes (25), and certain tumor cell lines (26). On the oth-
er hand, it inhibited the proliferation of rat mesangial cells
{27) and cardiac fibroblasts (28).

In cultured ECs prepared from rat aorta and incubated in
medium containing 0.25% serum, AM was demonstrated to
significantly suppress apoptosis without inducing cell prolif-
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eration (29). In another report, however, it was shown that
AM promoted proliferation of HUVECs (30). Thus, there is
much room for clarification with respect to the effect of AM
on the proliferation and migration of ECs.

Based on these findings, the objective of this study was to
determine whether AM promotes proliferation and migration
of cultured human endothelial cells, and if so, to determine
the possible mechanism of these effects.

Methods

Materials

Human AM, AM(22-52), and calcitonin gene-related pep-
tide (8-37) (CGRP(8-37)) were obtained from the Peptide
Institute (Osaka, Japan). Adenosine 3',5"-cyclic monophos-
phorothicate Rp-isomer (Rp-cAMP) and myristoylated pro-
tein kinase A inhibitor amide 14~22 {PKI), both of which are
PKA antagonists, and LY294002, which is an inhibitor for
phosphatidylinositol 3-kinase (PI3K), were purchased from
Calbiochem (San Diego, USA). L-NAME, an antagonist for
nitric oxide synthase (NOS), was purchased from Nakalai
Tesque (Kyoto, Japan). Hoechst 33342 was purchased from
Molecular Probes (Evgene, USA).

Cell Culture

HUVECs (Clonetics, Waltersville, USA) were grown in the
basic medium containing 2% fetal bovine serum (FBS) and
growth supplements (EGM-2; Clonetics), as previously re-
ported (3I). Subconfluent cell cultures between passages 4
and 6 were used for each experiment.

Cell Proliferation Assay

The increase of cell number was assessed by modified MTT
assay, as previously reported (32). After 48 h of incubation
in the basic medium containing 0.5 or 2.0% FBS, Cell Count
Reagent SF (Nacalai Tesque) was added and the incubation
was continued for another 4 h. The reaction was terminated
by cooling the cells on ice, and the absorbance at a wave-
length of 450 nm was measured to examine the cell number.
The real cell number was confirmed to be linearly propor-
tional to the ODaso value.

Cell Migration Assay

Migration assays were performed using a transwell apparatus
containing a light-opaque membranous insert (6.4 mm diam-
eter, 3 um pores) designed to absorb fluorescence (FALCON
HTS FluoroBlok Multiwell Insert System; Becton Dickin-
son, Franklin Lakes, USA). Cells pre-labeled with Hoechst
33342, a membrane-permeable nuclear staining fluorescent
agent binding to the AT-rich regions of DNA, were added to
the upper chamber at a density of 1X10°cells/cm® and al-
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Fig. 1. AM promoted the proliferation of HUVECs. (a) AM
promoted proliferation of HUVECs in medium containing
0.5% serum. The cells were incubated for 48 h and the num-
ber of cells was estimated by modified MTT assay. * p<0.01
vs. controls (n=18). (b) 10~*mol/l AM-induced prolifer-
ation was blocked significantly by two AM antagonists,
AM(22-52) (10~ mold) and CGRP(8-37) (10~°moli}.
* p<0.01 vs. controls, ¥ p<0.05 vs. controls (n=18).

lowed to migrate for 4 h at 37°C in the serum-free condition.
The number of cells that had migrated through the insert was
counted using a fluorescent microscope (Axiovert S100 and
AxioCam MRe; Carl Zeiss, Oberkochen, Germany) and
software for quantification (Scion Image 0.4.0.2; Scion
Corp., Fredevick, USA) (33). Four ficlds (X 100 magnifica-
tion) were photographed for each well. In some experiments,
cells were pretreated for 30 min with several inhibitors of the
AM/cAMP/PKA pathway to confirm the specificity of the
migratory effect of AM.

Statistics

All data are expressed as the mean = SEM, Statistical analysis
was performed with Student’s ¢ test or analysis of variance
(ANOVA). Values of p<0.05 were considered to indicate
statistical significance.

Results

AM Promoted Proliferation of the Cultured Endothelium

AM dose-dependently increased the number of HUVECs in-
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Fig. 2. AM promoted the migration of HUVECs. (a) The
representative images of HUVECs migrated to the lower
surface of the transwell apparatus. The cells were pretreated
with Hoechst 33342 and allowed to migrate for 4 h. The
cells migrated beyond the membranous insert were pho-
tographed, and the number of cells was counted with o fluo-
rescent microscope and quantifiable software. (b) AM dose-
dependently promoted the migration of HUVECs in the
range of 10™1"=10""mol/l. The cells were placed in the up-
per chamber and AM was added to the lower chamber for
chemotaxis. The number of HUVECs migrated to the lower
surface of the insert was increased in the AM-treated
groups. * p<<0.01 vs. controls (n=6).

cubated for 48 h in the medium containing 0.5% FBS (Fig.
12). The proliferative effect of 1079mol1 AM was 56.0%
8.7% over the control value (p<<0.01 vs. controls), and no
further increase in cell number was observed at a concentra-
tion of 107" mol1 AM. The proliferative effect of AM on
ECs was reduced by the higher concentration (2.0%) of FBS
(11.91+3.3% over the control value at 107" mol/l, p<0.05;
13.9%£2.9% at 107°mol, p<0.05; 13.0+2.8% at 1077
mol/l, p<0.05 vs. controls: n=6 in each group) AM-in-
duced proliferation was blocked significantly with two AM
antagonists, AM(22-52) (10~*mol/l) and CGRP(8-37) (103
mol/1), when ECs were stimulated by 10~*mol/l AM in 0.5%
serum (Fig. 1b).

AM Promoted Migration of the Cultured Endothelium

Figure 2a shows the effect of 10~ mol/l AM ot the migra-
tion of cultured HUVECs compared with the control value,
As shown in the photographs, the number of HUVECs mi-
grated to the lower surface of the insert was increased in the
AM-treated group. Figure 2Zb demonstrates the dose-depen-
dent effect of AM on the migration of HUVECs.
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Fig. 3. AM-induced migration was chemotactic. AM (1077
mol/l) was added to either the upper, lower or both cham-
bers. The number of migrated cells was significantly in-
creased in the group in which AM was added to the lower
chamber only. *p<0.0! vs. controls (the group without
AM) (n=6).

AM Promoted Migration of the Endothelium in a Chemo-
tactic Manner

The migratory process contains two components: chemotaxis
and chemokinesis. We therefore evaluated whether AM ex-
erts a chemotactic or chemokinetic influence (or both) on
ECs. The chemotactic property was determined by the mi-
gratory effect of AM (107" mol/1} when it was added to the
lower chamber only, and the chemokinetic property was de-
termined by adding AM to both the lower and upper cham-
bers. As shown in Fig. 3, AM significantly promoted en-
dothelial migration when it was added to the lower chamber
only. This result indicates that AM-induced migration was
chemotactic for cultured HUVECs.

AM-Induced Migration Was Mediated by the cAMP/PKA
Pathway

As shown in Fig. 4, AM (107" molA in the Jower chamber)-
induced migration was blocked significantly by pretreatment
with the two AM antagonists, AM(22-52) (107°mol/1) and
CGRP(8~37) (10~3mol/1). The migratory response induced
by AM was also significantly suppressed by the PKA in-
hibitors, Rp-cAMP (5X107®mol1) and PKI (5X107¢
mol/1). In addition, the inhibitor of PI3K, LY294002 (2X
10~*mol/l), significantly suppressed AM-induced migration
of EC, but in contrast, L-NAME (10~ mol/1) had no signifi-
cant effect. The inhibitors at the doses used in the present
study had no apparent effect on basal endothelial migration
in the serum-free medium.

Discussion

In this study, we demonstrated that the proliferation and mi-
gration of HUVECs were avgmented by AM in a dose-de-
pendent manner, and that the AM antagonists {AM(22-52),
CGRP(8-37)) blocked these effects. The AM-induced migra-
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Fig. 4. AM-induced migration was inhibited by blockade of
the AM/cAMP/PKA cascade. AM-induced migration was
blocked significantly by pretreatment with AM(22-52) (10~*
mol/l) or CGRP(8=37) (107 mol/l), and with Rp-cAMP (5X
10~8molAl) or PKI (5 X108 mol/l}. It was also suppressed
with LY294002 (2 X105 mol/l). However, L-NAME (107
mol/T} did not significantly affect the AM-induced migration.
*p<0.01 vs. controls (the group in which neither AM nor
inhibitor was added), T p<0.01 vs. AM alone (the group in
which AM (107"mol/l) was added in the lower chamber
without inhibitors) (n=206).

tion was predominantly chemotactic and was inhibited by
the PKA antagonists {Rp-cAMP, PKI) and also the PI3K in-
hibitor (LY294002), but was not inhibited by the NOS an-
tagonist (L-NAME).

In previous reports, the effect of AM on proliferation and
migration varied according to the cell types and experimen-
tal conditions used. The dependency on the cAMP/PKA
pathway of AM-induced biological effects on vascular cells
was also different in each report. AM exerted an anti-prolif-
erative effect on VSMCs explanted from rat aorta and incu-
bated in medium with 5% serum (20). In this report, the in-
hibitory process was thought to be cAMP-dependent. AM
was also reported to inhibit proliferation of rat glomerular
mcsangial cells (27) and rat cardiac fibroblasts (28) in a
cAMP/PKA-dependent manner. On the other hand, in quies-
cent VSMCs prepared from rat aorta and made quiescent by
incubation with serum-free medium for 2-3 days, AM was
shown to stimulate DNA synthesis and cell proliferation
with an increase in mitogen-activated protein kinase (MAP
kinase) activity {23). In this case, the proliferative process
was thought to be independent of the cAMP/PKA pathway.
Furthermore, AM receptor antagonism with CGRP(8-37) in-
hibited rat carotid artery neointimal hyperplasia {34), which
implies the significance of endogenous AM in balloon in-
jury-induced proliferation of VSMCs, although the anti-pro-
liferative effect could be caused by the blockade of the
CGRP activity because CGRP(8-37) might antagonize both
AM and CGRP receptors. With regard to migration of cul-
tured VSMCs, it has been reported that AM inhibited the mi-
gration of VSMCs stimulated by 5-10% serum, PDGF, or
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angiotensin Il (21, 22), and the inhibitory process was
thought to be dependent on the cAMP/PKA pathway.

In the case of the vascular endothelium, reports have
shown that AM had an anti-apoptotic effect on ECs incubated
in 0.25% serum or in the absence of serum, and that this effect
appeared to be mediated by a mechanism not related to the
cAMP/PKA pathway (29, 35). In this report, AM neither
induced cell proliferation nor stimulated [PH]thymidine incor-
poration of rat ECs in medium containing 0.25% serum (29).
In another report, however, it was shown that AM promoted
the proliferation of HUVECs cultured in medium containing
10% serum (30). With regard to the effect of AM on migration
of ECs, there has been no previous report as far as we know.

In this study, we revealed that AM promoted the prolifera-
tion and migration of HUVECs incubated in medium with
0.5-2.0% serumn and in the absence of serum, respectively.
Furthermore, the migratory effect appeared to be dependent
on the cAMP/PKA cascade. We previously reported that AM
increased cAMP production and exerted an antiproliferative
action on bovine aortic endothelial cells (BAECs) (36). In
that report, we showed that exogencusly administered AM
inhibited PDGF-stimulated DNA synthesis in a dose-depen-
dent manner and that neutralization of endogenously secret-
ed AM by the monoclonal antibody against AM increased
[*H]thymidine wptake. The experimental conditions of that
study differed from those of the present study in several
points: the former study employed a higher concentration of
serum, showed a potent stimulation of ceflular proliferation
by PDGF, and employed endothelial cells from different ani-
mal species (BAECs). Together with previous reports, these
results lead us to assume that one of the critical factors
which determine the effect of AM on proliferation of
VSMCs and ECs is the serum concentration used in the
experiments. In the present study, we tried to determine the
effects of different serum concentrations (0.5% and 2.0%) on
AM-induced proliferation, and we found that the higher
concentration of serum {2.0%) reduced the proliferative
effect of AM on ECs.

Recently, there has been accumulating evidence that the
NO and NPs/cGMP/cGK pathways are significant for regula-
tion of not only vascular tone but also vascular remodeling
and postnatal angiogenesis (37). NO is also known to medi-
ate vascular endothelial growth factor (VEGF)-induced pro-
liferation of ECs and angiogenesis (38) by activating the
c¢GMP/cGK pathway. As for AM-induced vasodilatation, it
has already been reported that activation of the NO/cGMP
pathway plays a significant role (39). However, it remains to
be clarified how significant this pathway is for AM-induced
cell proliferation and migration of VSMCs and ECs. It was
previously shown that the anti-apoptotic effect of AM was
mediated by NO, but this effect of NO was thought to be in-
dependent of the cGMP/cGK pathway (35). In this study, we
tried to examine the involvement of NO in the migratory ef-
fect of AM on ECs. The administration of L-NAME, howev-
er, had no significant effect on the AM-induced migration.
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This result suggests that AM-induced migration is not medi-
ated by the NO pathway.

Recent studies support the significance of the PI3K/Akt
pathway in endothelial regeneration and postnatal angiogen-
esis (40). Furthermore, it has been shown that AM promoted
Akt phosphorylation of rat aorta in a time- and dose-depen-
dent manner and induced NO production and vasodilation
(41). Accordingly, we here examined the involvement of the
PI3K/Akt pathway in AM-induced migration of ECs. The
PI3K inhibitor, LY294002, significantly suppressed AM-in-
duced migration, which suggests involvement of the
PI3K/Akt pathway in AM-induced migration of ECs. We
have also confirmed the augmentation of Akt phosphoryla-
tion by administration of AM to HUVECs (data not shown).
We are further investigating the relationship and molecular
mechanism of Akt phosphorylation and cell migration in-
duced by AM.

In summary, we revealed that the AM/cAMP/PKA cas-
cade promotes the proliferation and migration of the cultured
endothelium. Thus the AM/cAMP/PKA cascade or its down-
stream molecules might be useful as a therapeutic target to
modulate vascular remodeling or support vascular regeneration.
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Different Differentiation Kinetics of Vascular Progenitor
Cells in Primate and Mouse Embryonic Stem Cells

Masakatsu Sone, MD; Hiroshi [toh, MD, PhD; Jun Yamashita, MD, PhD;
Takami Yurugi-Kobayashi, MD; Yutaka Suzuki, PhD; Yasushi Kondo, PhD;
Akane Nonoguchi; Naoki Sawada, MD, PhD; Kenichi Yamahara, MD; Kazutoshi Miyashita, MD;
Kwijun Park, MD; Masabumi Shibuya, MD, PhD; Shinji Nito, PhD;
Shin-Ichi Nishikawa, MD, PhD; Kazuwa Nakao, MD, PhD

Background—We demonstrated that vascular endothelial growth factor receptor 2 (VEGF-R2)-positive cells derived from
mouse embryonic stem (ES) cells can differentiate into both endothelial cells and mural cells to suffice as vascular
progenitor cells (VPCs). Here we examined whether VPCs occur in primate ES cells and investigated the differences
in VPC differentiation kinetics between primate and mouse ES cells.

Methods and Results—1n contrast to mouse ES cells, undifferentiated monkey ES cells expressed VEGF-R2. By culturing
these undifferentiated ES cells for 4 days on OP9 feeder layer, VEGF-R2 expression disappeared, and then reappeared
after 8 days of differentiation. We then isolated these VEGF-R2-positive and vascular endothelial cadherin
(VEcadherin)-negative cells by flow cytometry sorting. Additional 5-day reculture of these VEGF-R2* VEcadherin™
cells on OP9 feeder layer resulted in the appearance of platelet endothelial cell adhesion molecule-1 (PECAMI)-
positive, VEcadherin-positive, endothelial nitric oxide synthase (eNOS)-positive endothelia! cclls. On a collagen
1V-coated dish in the presence of serum, these cells differentiated into smooth muscle actin (SMA)-positive and
calponin-positive mural cells (pericytes or vascular smooth muscle cells). Addition of 50ng/mL VEGF to the culture on
a collagen [V-coated dish resulted in the appearance of PECAMI™ cells surrounded by SMA™ cells. In addition, these
differentiated VEGF-R2* cells can form tube-like structures in a 3-dimensional culture.

Conclusion—Our findings indicate that differentiation kinetics of VPCs derived from primate and mouse ES cells were
different. Differentiated VEGF-R2* VEcadherin™ cells can act as VPCs in primates. To seek the clinical potential of
VPCs for vascular regeneration, investigations of primate ES cells are indispensable. (Circulation. 2003;107:2085-

2088.)

Key Words: angiogenesis W cells ® endothelium m muscle, smooth & vessels

mbryonic stem (ES) cells with pluripotency and self-

rencwal are now highlighted as promising cell sources
for regeneration medicine. Previously we demonsirated that
mouse ES cell-derived vascular endothelial growth factor
receptor-2 (VEGF-R2)-positive cells can differentiate into
both endotheliat cells and mural cells (pericytes and vascular
smooth muscle cells) and reproduce the vascular organization
process.! Vascular cells derived from VEGF-R2" cells can
orpanize vessel-like structures in a 3-dimensional culture.
Mouse ES cell-derived VEGF-R2* cells can, thus, serve as
vascular progenitor cells (VPCs). Furthermore, we have
reported that implantation of mouse ES-derived vaseular cells
into nude mice significantly augmented blood flow in am

adult neoangiogenesis model, which suggests the usefulness
of ES cell-derived VPCs for vascular regeneration medicine.?

Recently primate embryonic stem cell lines were estab-
lished from blastocysts of both humans and monkeys. ¢
Primate ES cells possess a number of characteristics distinct
from mouse ES cells, such as surface antigens, leukemia
inhibitory factor (LIF)-independence, and long doubling
times.>7 Recent study showed that VEGF-R2 was expressed
in undifferentiated human ES ecells, unlike in mouse ES
cells,?? and contimuously expressed during differentiation in
embryoid body (EB) formation. It has also been demonstrated
that platelet endothelial cell adhesion molecule-1
(PECAMI1)-positive cells can be isolated from human EBs,
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and they can act as endothelial cells.® However, the vascular
differentiation process of primate cells has not been demon-
strated, and VPCs that can differentiate into both endothelial
cells and mural cells have not been characterized in the
primates. To elucidate the vascular differentiation process of
primate cells and to seck the clinical potential of VPCs for
vascular regeneration therapy with the use of an in vitro
2-dimensional differentiation system of ES cells that we
established,!o!! we examined whether and how VPCs occur
in primate ES cells in comparison to mouse ES cells.

Methods

Cell Culture
Cynomolgus monkey ES cell lines were established, and their
pluripotency was coxnfirmed by teratoma formation in severe com-
bined immuncdeficiency mice, as described previously.5'2 Undiffer-
entiated ES cells were maintained as described. 812 OP9 feeder cell
lines that were established from mouse calvaria were maintained as
described previously.!1:13.14

To induce differentiation, undifferentiated ES cells were cultured
on OP9 feeder layer in differentiation medium (minimal essential
medium [GIBCO] supplemented with 10% fetal calf serum (FCS)
and 5X 1073 M2-mercaptoethanol).' Sorted VEGF-R2' cells were
re-cultured on an OP9 feeder layer or collagen IV-coated dish with
differentiation medium. Three-dimensional culture was performed as
described.!

Flow Cytometry and Cell Sorting

At different time points during the differentiation process, cultured
cells were barvested by cell dissociation buffer (GIBCQ). Flow
cytometry analysis and cell sorting were as diseribed.!%' Monoclo-
nal antibody for VEGF-R2, which we developed,'® was labeled with
Alexa-647 in our laboratory (monoclonal antibody labeling kit,
molecular probes). PE-conjugated vascular endothelial cadherin
(VEcadherin) antibody and fluorescein isothiocyanate-conjugated
PECAMI antibody were purchased from BD Biosciences. To test the
differentiation potential of VEGF-R2* cells, sorted cells were plated
into a collagen IV-coated 96-well dish at the density of 2.5 10° cells
per well, or plated on OP9 feeder layer in a4 24-well dish at 1x10*
cells per well.

Immunoehistochemistry

Staining of culture cells on dishes was as described.’'" Monoclonal
antibody for smooth muscle actin (SMA) was purchased from
Sigma, those for calponin and smooth muscle myosin heavy chain
(SMMHC) were purchased from DAKOQ, and those for PECAM]I,
VEcadherin, and endothelial nitric oxide synthase {(eNOS) were
purchased from BD Biosciences.

Results

Although undifferentiated mouse ES cells did not express
VEGF-R2, most of undifferentiated monkey ES cells were
positive for VEGF-R2 (data not shown). Mouse ES cells
differentiated into VEGF-R2* cells during a 4-day differen-
tiation on QP9 feeder layer. These mouse VEGF-R2* cells
differentiated into endothelial cells during 4 days of re-
culturing on a collagen IV-coated dish or OP9 feeder lay-
er.m" In contrast, however, we could not induce endothelial
cells from VEGF-R2* undifferentiated monkey ES cells in
the same condition (data not shown). Thus, we examined
VEGF-R2 expression on monkey ES cells during
differentiation.

Undifferentiated monkey ES cells were dissociated to
single cells and plated on an OP9 feeder layer to induce

-116-

differentiation (Figure 1A). As shown in Figure 1B,
VEGF-R2 was expressed in undifferentiated monkey ES cells
(day 0), but disappeared during a 4-day differentiation on
OP9 feeder layer, and then reappeared after 8 days of
differentiation. VEcadherin* cells appeared at day 10 of
differentiation. Alkaline phosphatase activity, which was
reported to be detected in undifferentiated ES cells®S but not
in mature vascular cells, was clearly detected in undifferen-
tiated ES cells but not in the cells that were cultured for 8
days on an OP9 feeder layer (Figure 1C and 1D), indicating
that VEGF-R2* cells at 8-day differentiation are apparently
distinct from those observed in undifferentiated ES cells,

VEGF-R2* VEcadherin™ cells were purified by flow cy-
tometry sorting at day 8 (Figure 1A). Additional 5-day
culturing of VEGF-R2* VEcadherin™ cells on an OP9 feeder
layer resulted in the appearance of PECAMI1* cells (Figure
2A), which were also positive for VEcadherin and eNOS
(Figure 2B and 2C). On the other hand, on a collagen
IV-coated dish with 10% FCS, more than 90% of VEGF-R2*
VEcadherin™ cells became positive for SMA (Figure 2D) and
calponin (Figure 2E) after an additional 5 days of culturing,
Some were positive for SMMHC (Figure 2F). In this cultur-
ing condition, PECAM]1* endothelial cells did not appear, In
contrast, addition of 50ng/mI. VEGF to culture on a collagen
IV-coated dish resulted in the appearance of PECAM1* cells
(about 20% of total cells) that were surrounded by SMA*
cells (Figure 2G). VEGF-R2* VEcadherin™ cells at day 10
also could differentiate into endothelial cells and mural cells
similarly to day 8 VEGF-R2* VEcadherin™ cells doubled
themselves in about 44 hours on a collagen IV-coated dish
with VEGF and FCS. Almost all of the VEGF-R2" VEcad-
herin* cells obtained by flow cytometry sorting at day 10
became positive for PECAMI after an additional 5 days of
culturing on a collagen IV-coated dish with 10% FCS.

We further examined whether VEGF-R2* cells can form
vascular structure in vitro, Aggregates of several hundred
VEGF-R2* cells were cultivated in collagen I-A gels with
10% FCS, 50ng/mL VEGF, 50ng/mL basic fibroblast growth
factor, and 100 pM phorbol myristate acetate. The cells
migrated out from the aggrepates and formed cord-like
structures within 3 days (Figure 2H).

Discussion
In the previous study,! we showed that VEGF-R2* cells in
4-day differentiation of mouse ES cells can differentiate into
2 major vascular cell types (endothelial cells and mural cells)
in vitro and in vivo. Unlike mouse ES cells, undifferentiated
monkey ES cells were already expressing VEGF-R2, similar
to human ES$ cells, VEGF-R2 expression on monkey ES cells
disappeared during 4-day differentiation on an QP9 feeder
layer, and then re-expressed after 8 days of differentiation
(Figure 1C). VEGF-R2-ecxpressing cells on day 8 were
different from VEGF-R2* undifferentiated monkey ES cells.
First, the former did not show alkaline phosphatase activity as
the latter did. Second, the former could differentiate into
endothelial cells but the latter could not. Thus, the VEGF-R2*
cells that re-appeared at 8 days of differentiation in monkey
ES cell differentiation seem to possess similar differentiation
potentials to those in 4-day differentiation of mouse ES cells,
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whereas VEGF-R2 expression in undifferentiated monkey ES
cells should be of less functional significance in vascular
differentiation.

In the present study, we demonstrated that VEGF-R2*
VEcadherin™ cells that appeared at 8-days’ differentiation
in monkey ES cells give rise to both endothelial cells and

mural cells and form vascular-like structures in a
3-dimentional culture in vitro. OQur findings indicate that
differentiated VEGF-R2* cells can act as VPCs in pri-
mates, and the differentiation kinetics of VPCs in primate
and mouse ES cells were different, Thus, to seek the
clinical potential of VPCs for vascular regeneration and to

Figure 2, Immunohistochemical analysis of differ-
entiation of primate ES cells into vascular cells (A

through G). A through C, Immunostaining for endo-
thelial cell markers: PECAM1 (A), VEcadherin (B),
and eNOS (C). D through F, Immunostaining for
mural cell markers: smooth muscle actin (D), cal-
ponin (E), and smooth muscle myosin heavy chain
(F). G, Double immunostaining for PECAM1
(brown) and smooth muscle actin (blue). H, Tube
formation of VEGF-R2* cell aggregates in

J-dimensional cutture. Scale bars: B through G, 50
pM; A and H, 100 pM,
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obtain novel insights in primate vascular development,
investigations of primate ES cells are indispensable. Our
novel in vitro vascular differentiation system nsing VPCs
derived from primate ES cells is promising for dissecting
the molecular and cellular mechanisms in the primate
vascylar development, to which the knock-out animal
rescarch approach is not available.

References

1. Yamashita J, Itoh I, Hirashima M, et al. Flk1-positive cells derived from
embryonic stem cells serve ag vascular progenitors. Nafure. 2000;408:
92-96.

2. Yurugi-Kobayashi T, Itoh H, Yamashita J, et al. Effective contribution of
transplanted vascular progenitor cells derived from embryonic stem cells
to adult neovascularization in proper differentiation stage. Blood. 2003;
101:2675-2678.

3. Thomson JA, Kalishman J, Golos TG, et al Isolation of a primate
embryonic stem cell line. Proc Nat! Acad Sci U S A. 1995;92:7844—7848.

4. Thomson JA, Itskovitz-Eldor J, Shapiro SS, et al. Embryonic stem cell
lines derived from human blastocysts. Science, 1998;282:1145-1147.

5. Reubinoff BE, Pera MF, Fong CY, et aL Embryonic stem cell lines from
human blastocysts: somatic differentiation in vitro. Nat Biotechnal. 2000;
18:399-404,

6. Suemori H, Tada T, Torii R, et al. Establishment of embryonic stem cell
lines from cynomolgus monkey blastocysts proaduced by IVF or ICST. Dev
Dyn. 2001;222:273-279,

-118-

15.

. Amit M, Carpenter MK, Inokuma MS, et al. Clonally derived human

embryonic stem cell lines maintain pluripotency and proliferative
potential for prolonged periods of cutture. Dev Biof, 2000;227:271-278.

. Kaufman DS, Hanson ET, Lewis RL, et al. Hematopoietic colony-

forming cells derived from human embryonic stem cells. Proc Nail Acad
Sei US A. 2001;98:10716-10721.

. Levenberg $, Golub JS, Amit M, et al. Endathelial cells derived from

human embryonic stem cells. Proc Natl dcad Sci US 4. 2002;5%:
4391-4394,

. Nishikawa SI, Nishikaws S, Hirashima M, et al. Progressive lineage

analysis by cell sorting and culture identifies FLK} + VE-cadherin+ cells
at a diverging point of endothelial and bemopoietic lineages. Devel
opment. 1998;125:1747-1757.

. Hirashima M, Kataoka H, Nishikawa S, et al. Maturation of embryonic

stem cells fnto endothelial cells in an in vitro model of vasculogenesis.
Blood, 1999;93:1253-1263.

. Kawasaki H, Suemeri H, Mizuseki K, et al Generation of dopaminergic

neurons and pigmented epithelia from primate ES cells by stromal cell-
derived inducing activity, Proc Natl Acad Sci USA. 2002;9%:
1580-1585.

. Kodama H, Nose M, Niida 8, et al. Involvement of the ¢-kit receptor in

the adhesion of hematopoietic stem cells to stromal cells, Exp Hematol.
1994;22:979-984,

. Kodama H, Nose M, Yamaguchi Y, et al. In vitro proliferation of

primitive hemopoietic stem cells supported by stromal cells: evidence for
the presence of a mechanism(s) other than that involving c-kit receptor
and its ligand. J Exp Med. 1992;176:351-361.

Sawano A, Iwai S, Sakurai Y, et al. Flt-}, vascular endothelial growth
factor receptor §, is & novel cell surface marker for the lineage of
monocyte-macrophages in humans. Blood. 2001;97:785-791.



